Abstract Molecular chaperones are central to cellular protein homeostasis. In mammals, protein misfolding diseases and aging cause inflammation and progressive tissue loss, in correlation with the accumulation of toxic protein aggregates and the defective expression of chaperone genes. Bacteria and non-diseased, non-aged eukaryotic cells effectively respond to heat shock by inducing the accumulation of heat-shock proteins (HSPs), many of which molecular chaperones involved in protein homeostasis, in reducing stress damages and promoting cellular recovery and thermotolerance. We performed a meta-analysis of published microarray data and compared expression profiles of HSP genes from mammalian and plant cells in response to heat or isothermal treatments with drugs. The differences and overlaps between HSP and chaperone genes were analyzed, and expression patterns were clustered and organized in a network. HSPs and chaperones only partly overlapped. Heat-shock induced a subset of chaperones primarily targeted to the cytoplasm and organelles but not to the endoplasmic reticulum, which organized into a network with a central core of Hsp90s, Hsp70s, and sHSPs. Heat was best mimicked by isothermal treatments with Hsp90 inhibitors, whereas less toxic drugs, some of which nonsteroidal anti-inflammatory drugs, weakly expressed different subsets of Hsp chaperones. This type of analysis may uncover new HSP-inducing drugs to improve protein homeostasis in misfolding and aging diseases.
Introduction
The term "heat-shock proteins" (HSPs) was first used to describe Drosophila melanogaster proteins that massively accumulate during heat stress (Tissieres et al. 1974) . When subject to a sharp increase in temperature, prokaryotes and eukaryotes alike transiently reallocate their general house-keeping protein synthesis machinery to the specific accumulation of a small subset of highly conserved Hsps, initially named according to their molecular weight on sodium dodecyl sulfate polyacrylamide gels: Hsp100 (ClpB/A/C), Hsp90 (HtpG), Hsp70 (DnaK), Hsp60 (GroEL), Hsp40 (DnaJ), the small Hsps (IbpA/B), and Hsp10 (GroES) (E. coli proteins in brackets; Daniels et al. 1984; Tissieres et al. 1974; Kimpel and Key 1985) . A general mechanism was then proposed for Hsp70 by Pelham (1986) and for GroEL by Ellis, whereby these two major classes of Hsps may prevent the aggregation of stress-denatured or nascent proteins in the cell and thus "chaperone" the correct native folding and/or assembly of other proteins, without being part of the final native protein structures (Ellis et al. 1989) .
Under physiological and stress conditions, the various chaperone families act in a tightly interconnected network . Genetic and biochemical studies show that in bacteria, the chaperone network has a key role in housekeeping (Deuerling et al. 1999) and in the cellular response to various stresses (Liberek and Georgopoulos 1993) . Eukaryotes may use different subsets of redundant, partially overlapping chaperones to fold and translocate proteins under physiological conditions, to prevent protein misfolding and aggregation during stress (Albanese et al. 2006) , and to recover misfolded proteins after stress Tomoyasu et al. 2001) . During a noxious heat shock, an overload of the cellular chaperones may occur (Csermely 2001; Nardai et al. 2002) , overwhelming chaperone-and protease-based cellular proteostasis (Morimoto 2008) . When the stress is over, the cellular protein network is restructured, and the so-called hubs, which, under stress were transiently replaced by molecular chaperones, regain control of cellular functions (Soti et al. 2005; Szabadkai et al. 2006; Szalay et al. 2007 ). The general purpose of this study was to gain knowledge on HSP-and chaperone-inducing treatments and drugs that best recapitulate natural patterns of HSP chaperone gene expression in tissues challenged by heat or cellular stresses, to improve proteostasis, particularly in deficient tissues, in aging or degenerative diseases associated to protein misfolding (for a review, see Hinault et al. 2006 ).
Hsp70s and co-chaperones
With the exception of some archaea (Large et al. 2009 ), members of the evolutionary conserved Hsp70 chaperone family are present in all the ATP-containing compartments of living organisms (Macario and de Macario 1999) . Thus, in human, the major isoform Hsp72 (HSPA1A) and the heat shock cognate 70 (Hsc70/HSPA8) are located in the cytosol and nucleus, whereas BiP (Grp78/HSPA5) is in the endoplasmic reticulum, mtHsp70 (Grp75/mortalin/HSPA9) is in mitochondria , and there are possibly also Hsp70s in peroxisomes (Hageman et al. 2007 ). In addition, plant chloroplasts and protozoan apicoplasts contain Hsp70s most similar to cyanobacteria (Soll 2002; Tarun et al. 2008 ). The functional Hsp70 chaperone network entails ATP-driven interactions between many diverse substrate-specific and less specific J-domain co-chaperones (49 in human) that target the fewer Hsp70 isoforms ) onto hundreds of protein substrates in the cell and are regulated by various nucleotide exchange factors (NEF) such as GrpE (Harrison 2003) , BAG (Kabbage and Dickman 2008) , HspBP1 (Kabani et al. 2002) , and Hsp110 proteins (Shaner and Morano 2007) . These networks are crucial to the co-translational folding of nascent polypeptides, the remodeling of native protein complexes, the transduction of cellular signals, the regulation of the cell cycle, proliferation and apoptosis (Jolly and Morimoto 2000) , the regulation of the heat shock response, the unfolding and refolding of stress-denatured proteins, and the import of proteins into the mitochondria (De los Rios et al. 2006) , chloroplasts (Shi and Theg 2010) , and the endoplasmic reticulum (reviewed in Zimmermann et al. 2010) . Moreover, the Hsp70/Hsp40 networks control the stability and activity of native proteins such as σ 32 and the oligomeric state of native protein complexes, such as repE (Rodriguez et al. 2008) , clathrin cages (Schuermann et al. 2008) , and IkB (Weiss et al. 2007 ) and yeast prions (Wickner 1994; Shorter and Lindquist 2008) .
The Hsp100 The Hsp100 chaperones are ATPase members of the AAA+ superfamily, including bacterial ClpB, mitochondrial Hsp78, chloroplast ClpC/D, and eukaryotic orthologues in the cytoplasm of fungi, yeast (Hsp104), and plants (Hsp101), (Mogk et al. 2008) . The Hsp100 chaperones share sequence, structural, and functional similarities with the AAA+-gated proteases, such as the lid of the eukaryotic proteasome, the ATPase moiety of the bacterial proteases HslU/V, ClpA/P, ClpX/P, and Lon (for a review, see Sharma et al. 2009 ). Whereas the sole bacterial Hsp70/Hsp40/NEF chaperone network can effectively disaggregate and unfold small soluble protein aggregates (Diamant et al 2000; Ben-Zvi et al. 2004) , it best acts in concert with Hsp100 (ClpB) in bacteria and in the cytoplasm of plants and fungi (but not in animals), to disaggregate large insoluble aggregates into natively refoldable polypeptides (Glover and Lindquist 1998; Goloubinoff et al. 1999; Motohashi et al. 1999) . As with the other major classes of molecular chaperone, Hsp100 plays a vital role in the survival of bacteria, yeast, and plant cells during and following exposures to high temperatures or chemical stresses (Sanchez and Lindquist 1990) .
Hsp60/10
Whereas the proper folding of nascent proteins in bacteria mostly depends on the activity of the Hsp70/40/ NEF network, 10-15% of newly synthesized polypeptides are better substrates for bacterial Hsp60/Hsp10 network (for a review, see Liberek et al. 2008) . Class I chaperonins represented by Hsp60 homologues are found in bacteria (GroEL), mitochondria, and chloroplasts. A functional Hsp60/Hsp10 complex comprises 14 identical subunits arranged in two stacked heptameric rings, requiring two heptameric co-chaperones, Hsp10/GroES (Azem et al. 1995) . Seminal observations showed that artificially denatured proteins become prevented from aggregating upon binding to purified GroEL and, moreover, become subsequently refolded to the native state in a strict GroES-and ATP-dependent manner (Goloubinoff et al. 1989) .The class II of chaperonins, which are present in archaea and in the cytoplasm of eukaryotes (Large et al. 2009 ), forms TCP-1 ring complex (TRiC, also named CCT for chaperonin-containing TCP1) consisting of two stacked rings with eight different paralogous subunits per ring (Booth et al. 2008) . The TRiCs act as ATP-dependent central mediators of cytosolic protein folding and assembly (Hartl and Hayer-Hartl 2009) , which are also important to prevent protein aggregation and toxicity (Kitamura et al. 2006 ).
Hsp90 family and co-chaperones Whereas the physiological and stress-related functions of HtpG, the bacterial Hsp90, and of the mitochondrial and chloroplast Hsp90s remain unclear (Sato et al. 2010; Hasan and Shimizu 2008) , in vitro, Hsp90 can prevent protein aggregation in an ATP-independent manner (Wiech et al. 1992) . Owing to the early discovery of specific Hsp90 inhibitors (Whitesell et al. 1994) , the cellular functions of endoplasmic reticulum (ER) (Grp94), cytosol, and nuclear located Hsp90s in eukaryotes are better known than a role of prokaryotic HtpG. The EEVD motif at the carboxyterminus of cytoplasmic Hsp90 and some cytoplasmic Hsp70s is a docking site for connecting proteins with tetratricopeptide repeats (TPR) (Blatch and Lassle 1999; van der Spuy et al. 2000) . Bridged by TPR-containing cochaperones, both chaperones can form functional supercomplexes that modify in a yet ill-defined ATP-dependent mechanism, the structure, and consequently the function, of hundreds of the so-called native "client" proteins in the cell (Whitesell and Lindquist 2005; Zhao et al. 2005) . Thus, the Hop co-chaperone containing three TPR repeats bridges Hsp70 and Hsp90, which, together with Hsp40 and p23 co-chaperone, drive structural and functional changes in native protein complexes in the cell, such as the progesterone receptor (Cintron and Toft 2006; Onuoha et al. 2008) . CHIP is another TPR co-chaperone of Hsp90 with a U-box domain, whose activity promotes "protein triage" of Hsp70-or Hsp90-bound proteins fated to proteasomal degradation (Connell et al. 2001) . Taken together, in eukaryotic cells, heterocomplexes of Hsp90 with about a dozen co-chaperones (Picard 2006 ; for an updated list of Hsp90 co-chaperones, see http://www. picard.ch/downloads/Hsp90interactors.pdf) with Hsp70 and protein clients are key to various physiological processes, in particular signal transduction.
Small Hsps Unlike the ATPase chaperones Hsp100, Hsp90, Hsp70, and Hsp60, the small Hsps (sHSPs) have a conserved α-crystalline domain that passively binds misfolded intermediates, independently from ATP hydrolysis (Jakob et al. 1993) . Without stress, sHsps are mostly assembled into large oligomeric complexes (Garrido et al. 2006) , which, under stress conditions, may dissociate into amphiphilic dimers that prevent misfolding polypeptides from aggregating (Jakob et al. 1993 ) and protect membranes from heat disruption (Horvath et al. 2008; Haslbeck et al. 2005) . sHsps cooperate with Hsp70/ Hsp40 and Hsp100 or the GroEL/GroES chaperone networks in refolding of misfolded proteins (for a review, see Nakamoto and Vigh 2007) . Human Hsp27 and Hsp70 are often, although not obligatorily, co-expressed in response to a variety of physiological and environmental stimuli (Garrido et al. 2006 ) ). As sHsps have strong cytoprotective properties (Garrido et al. 2006) , their inhibition is an important target in pharmacological therapies to cancer (Didelot et al. 2007) , whereas the upregulation sHsp may prevents liver damage (Kanemura et al. 2009) or pathologies caused by protein misfolding, such as Alzheimer's (Fonte et al. 2008; Wu et al. 2010 ), Parkinson's (Zourlidou et al. 2004) , and Huntington's disease (Perrin et al. 2007 ).
Here, we used published microarray data from Homo sapiens and the land plant Arabidopsis thaliana to perform a meta-analysis of the expression profiles of bioinformatically predicted chaperones, co-chaperones, and foldase genes (together called the chaperome), following various abiotic and chemical stresses. Clustering of induction profiles revealed that heat shock primarily induces cytoplasmic and mitochondrial but not ER chaperone networks, a profile that was best mimicked by isothermal treatments with Hsp90 inhibitors or less faithfully by other compounds, many of which are known as anti-inflammatory drugs. Sequence analysis of HSP promoters showed that canonical heat hock elements (HSEs) were unexpectedly rare in HSP genes. This type of analysis may uncover new HSP-inducing drugs that best recapitulate natural patterns of HSP chaperone gene expression in undamaged tissues, to improve protein homeostasis in defective aging tissues and in protein misfolding pathologies.
Methods
List of human and plant chaperones, co-chaperones, and foldases Two lists of bio-informatically identified "chaperomes" were compiled for the human and the A. thaliana genomes (Supplemental Tables 1a and 2 , respectively), which included all the predicted protein sequences sharing at least 40% homology with one of the conserved canonical chaperone families in eukaryotes and their corresponding, identifiable prokaryotic homologues (prokaryote genes named in brackets): Hsp70 (DnaK), Hsp90 (HtpG), Hsp100/Hsp78 (ClpB/C), Hsp40 (DnaJ), Hsp60 (GroEL), and the α-crystalline domain containing small HSPs (IbpA/B), trigger factors, co-chaperones and nucleotides exchange factors (such as Hsp110, Grp170, Bag2, GrpE, GroES, Cpn10, and Cpn20), all J-domain containing proteins with a conserved HPD motive, over a dozen of Hsp90 co-chaperones (interactors) as listed by Picard (http://www.picard.ch/downloads/Hsp90interactors. pdf). Because peptidyl prolyl isomerases (PPIs) and protein disulfide isomerases (PDIs) are clearly involved in cellular protein homeostasis in general and although they do not belong to the canonical chaperone families, we chose to add them to this analysis (for a review, see Sharma et al. 2009 ).
Bioinformatic analysis
All data are MIAME compliant. The raw data were extracted from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO). For the A. thaliana chaperome metadata analysis, the microarray data for dithiothreitol (DTT), tunicamycin, and the five heat treatments were extracted from the GEO (ATH1-121501 Affymetrix Arabidopsis ATH1 Genome Array), under the following series accession numbers: GSE4021 (leaf disks), GSE11758 (mature leaves), GSE4760 (seedlings), GSE16222 (seedlings), GSE12619 (seedlings), GSE4062 (shoots), and GSE11758 (mature leaves), respectively. Microarray datasets for salicylic acid (seedlings), ibuprofen (seedlings), 2,3,5-triiodobenzoicacid (TIBA, seedlings), and 2,4,6-trihydroxybenzamide (2,4,6-T, seedlings) were obtained from Genevestigator (Zimmermann et al. 2004) . Array metadata for DTT, tunicamycin, and one heat treatment denoted in GEO as GSE16222 were joined to the rest of metadata obtained from Genevestigator as a tab delimited file.
For the human and Arabidopsis chaperome metadata analysis, respectively, 167 and 281 probes (Supplemental Tables 1a and b and 2) corresponding to unique genes were chosen as described ). The microarray data for the predicted human chaperome was searched in NCBI GEO (HG_U133 Plus 2.0 Affymetrix Human Genome Array): sapphyrin PCI-5002 GSE6962 (A549 tumor), echinomycin GSE7835 (U251 cells), etoposide GSE11954 (hepatic stellate cells), simvastatin GSE4883 (human peripheral blood monocytes macrophages), 2-deoxyglucose GSE13548 (HeLa cells), tunicamycin GSE13548 (HeLa cells), phorbol 12-myristate 13-acetate GSE12736 (K562 cells), cadmium (early) GSE9951 (immortalized human normal prostate epithelial cell line), paclitaxel GSE11552 (294T cells), heat shock study GSE9916 (THP-1 cells), elesclomol study GSE11552 (294T cells), smoking study six brands of cigarettes (early) GSE10718 (normal human bronchial epithelial cells), propiconazole GSE10410 (human primary hepatocytes), N-acetylcystein GSE11552 (294T cells), rifampicin GSE10410 (human primary hepatocytes), myclobutanil GSE10410 (human primary hepatocytes), estrogen (late) GSE11324 (MCF7 cells), dihydrotestosterone GSE7708 (LNCaP cells), doxycycline GSE7678 (SW480 cells), VAF347 GSE10463 (immature monocyte-derived dendritic cells), and apple procyanidin GSE9647 (human vascular endothelial cells). The array metadata for 2-deoxyglucose and tunicamycin were from GEO and joined to the rest of the metadata obtained from Genevestigator as a tab delimited file. Solar ultraviolet, Hsp90 inhibitors and non-steroidal anti-inflammatory drug (NSAID) microarray data for available human Hsp70 and Hsp40 genes were searched directly in Genevestigator (HG_U133A Affymetrix Human Genome Array) and joined with data from the heat shock study (GSE9916) as a tab delimited file.
Transcripts were considered responsive only when showing at least a 2-fold change in response to an investigated treatment. The distance matrix was evaluated using the Pearson correlation coefficient, and clusters were created using the complete linkage method by Cluster 3.0 (http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/soft ware/cluster/manual/index.html) and visualized by the JavaTreeView (Saldanha 2004) algorithm, exported as a postscript file, processed by Adobe Illustrator (Adobe Systems, Mountain View, CA, USA). Annotation and presumed subcellular localization of chaperones were performed according to the Uniprot database.
In an attempt to generate a significant network best describing the degree of connectivity between the various chaperones, co-chaperones, and foldases in the human chaperome, we used the STRING database and web resource. STRING weights both physical and functional protein-protein interactions and integrates various informations from different metadatabase sources, to produce a network map showing all possible protein-protein interactions in the chaperome (http://string-db.org) (Jensen et al. 2009 ). Because under non-stressed conditions, the members of the chaperone network are expected to have more but weaker interactions among themselves than under stressful conditions , we chose the low confidence factor of 0.15 for this analysis. The interactions between chaperones was visualized using Medusa (Hooper and Bork 2005) Using the search PromForm program from the Promoter Database (http://rulai.cshl.edu/cgi-bin/TRED/ tred.cgi?process=searchPromForm), a search for HSEs containing direct or inverted repeats of 5′-nGAAn-3′ was performed from 3 kbp upstream to 300 bp downstream from the predicted transcription start site of each bioinformatically identified chaperone gene from mammals (as listed in Supplemental Table 1b) .
Results

Most HSPs are not chaperones, and most chaperones are not HSPs
As exemplified by the two seminal reviews, "Molecular chaperone functions of heat-shock proteins" (Hendrick and Hartl 1993) and "Heat-shock proteins as molecular chaperones" (Becker and Craig 1994) , the terms "chaper-ones" and "HSPs" are often indiscriminately used in the literature. In 2009, a survey of 300 articles in PubMed citing both "chaperones" and "Hsp70" in their title, abstract, or introduction, a third stated that molecular chaperones are Hsps and Hsps are molecular chaperones without distinction (data not shown). To estimate the validity of the generally assumed strong linkage between HSPs and molecular chaperones, we examined the microarray responses to mild heat treatments in two very different eukaryotes, a higher plant and a mammal, and compared the messenger RNA (mRNA) expression patterns of bio-informatically identified chaperome genes (listed in Supplemental Tables 1a and 2), to the rest of the corresponding genomes. Because of the high degree of evolutionary conservation, members of the α-crystallinecontaining small HSPs and of the four canonical families of ATP-hydrolyzing chaperones Hsp100, Hsp90, Hsp70 and Hsp60 and their respective co-chaperones, as well as the PPIs and the PDIs, were identified by simple bioinformatic analysis (see "Methods"). Hence, of the 23,438 predicted proteinencoding genes in H. sapiens (The Genome Reference Consortium, version GRCh37), 168 genes were identified as belonging to "the human chaperome" (Supplemental Table 1b ). Similarly, of the 27,379 predicted proteinencoding genes in the terrestrial plant A. thaliana (The Arabidopsis Information Resource, version TAIR9), 305 genes were identified as "the Arabidopsis chaperome" (Supplemental Table 2) .
A meta-analysis of microarray data from different organisms and laboratories is always limited by the smallest number of available probes for HSP and chaperome genes, printed on the chips. Thus, we could effectively follow the changes in the expression profiles of up to 167 human chaperome genes and up to 281 Arabidopsis chaperome genes. Microarray data showed that a short sub-lethal heat treatment (37°C->43°C, 60 min for human, 23°C->38°C, 90 min for the plant) upregulated more than 3.16-fold (log 10 value=0.5) about 2% of the human genes and 4% of the plant genes, respectively (Fig. 1) . Noticeably, in human and plant, chaperome genes were, respectively, 17 and seven times, more likely to be induced by heat than nonchaperone genes. Moreover, while being only 0.7% of the human genome, 20% of the chaperome was massively (>20-fold) induced by heat (Fig. 1a) , a remarkable 28-fold enrichment of expressed mRNA levels. Similarly, while being only 1.1% of the plant genome, 16% of the chaperome was most massively (>20-fold) induced by heat, a 14-fold enrichment of mRNA levels (Fig. 1b) . Despite this general high propensity of the chaperomes to be induced by heat, a majority of chaperome genes (66% for human and 72% for plant) yet remained uninduced by heat, confirming the importance not to confuse HSPs for chaperones and vice versa. Hence, molecular chaperones and foldases should be specifically referred as such and not as HSPs, especially in a context of their physiological functions in protein homeostasis, cellular trafficking, signaling, or of their induction by other means than heat.
The heat-inducible chaperones can be upregulated by isothermal chemical treatments Although heat has a demonstrated strong effect on the induction of a specific subset of chaperome genes, other isothermal chemical or physical stresses may also induce similar or different subsets of chaperome genes (Saidi et al. 2005 (Saidi et al. , 2007 .
In Arabidopsis, five independent heat treatments (HS) by different laboratories and different temperature conditions showed comparable induction patterns of chaperome genes associated to the cellular stress response (CSR), demonstrating the robustness of our approach (see Supplemental Fig. 1 ). Isothermal treatments with inhibitors of polar auxin transport, such as TIBA and 2,4,6-T and also with the plant hormone salicylic acid and with ibuprofen, which are both NSAIDs in mammals, showed mildly increased levels of particular chaperones, which, however, only loosely clustered with the heat treatments (Fig. 2, Supplemental Fig. 2 ). Two main treatment clusters were, however, clearly observed, one following heat or specific chemical treatments, corresponding to a general response associated to the CSR (for a review, see Calabrese et al. 2008; Fig. 2a) , in which chaperones mostly targeted to the cytosol, the plasma membrane and the mitochondria were upregulated (Aparicio et al. 2005) , and the other following chemical treatments with stressors specific to the ER, corresponding to a response known as the "unfolded protein response" (UPR), in which chaperones mostly targeted to the ER lumen and membranes were upregulated (Schroder and Kaufman 2005, Fig. 2b ). Unexpectedly, several plant heat shock cognates, in particular Hsc70s, were also upregulated by heat in plants (Supplemental Fig. 1 , arrows) as well as in animal cells. Thus, Hsc70 (HspA8) was induced by heat (Fig. 3, treatment I ) or isothermal treatments with N-acetylcycteine or estrogen (Fig. 3 , treatment E, T). Hsc70s are thus either wrongly named, or their definition as being non-heat inducible chaperone cognates must be corrected.
In cultured animal cells, several seminal studies using isothermal treatments with amino acid analogs (Hightower 1980) or low concentrations of zinc (Whelan and Hightower 1985) caused expression of molecular chaperones. In a similar manner, isothermal treatments of human cells with Hsp90 inhibitors, UV light, elesclomol, or cigarette smoke best recapitulated the expression pattern of heat shock by inducing a similar subset of about 45 out of 167 chaperome genes (Supplemental Fig. 3 ), most of which targeted to the cytoplasm, membranes, and mitochondria, but not to the ER (Fig. 3a) . In contrast, treatments with tunicamycin, 2-deoxyglucose, or dithiothreitol induced a very different set of human chaperome genes, whose products were targeted to the ER lumen and membranes (Fig. 3b) . Interestingly, the antibiotic rifampicin and two antifungal agents, myclobutanil and propiconazole, induced an additional chaperone cluster (Fig. 3c) , which was not apparently related to a given subcellular localization. In conclusion, members of UPR gene cluster should be specifically called "UPR chaperones" and of the CSR gene cluster "CSR chaperones", not HSPs, even when addressed in a context of heat shock.
As with plants, treatments of human cells with several NSAIDs induced various chaperones, in particular members of the Hsp70/40 family. However, expression patterns were generally heterogeneous and at lower intensities than with CSR-inducing treatments (Fig. 4) . Together with the fact that NSAIDs also induce CSR chaperones in plants (Saidi et al. 2005) , this suggests that different drugs commonly classified as NSAIDs may have unconventional activation mechanisms that may not necessarily involve the inhibition of cyclooxygenases of which plants are devoid.
CSR but not UPR activates the core elements of the chaperone network Our clustering analysis of the mammalian chaperome was thus far based only on mRNA expression metadata under various physical and chemical treatments (Figs. 3 and 4) .
We next estimated the robustness of this result using the STRING database that includes additional criteria, such as physical and known functional interactions (co-expression and experimental view) or computational predictions of homology and text mining co-occurrence (Jensen et al. 2009 ). The STRING analysis revealed a network with a strong core that cumulated most connections with other members of the chaperome that was mainly composed of Hsp90s (HSP90AA1, HSP90AB1, and HSP90B1) and Hsp70s (HSPA1A HSPA1L, HSPA2, and HSPA8), tightly interconnected to each other through common cochaperones, such as Hip (ST13) and Hop (STIP1) (Fig. 5a ). This chaperone network could be simply subdivided into five chaperone subnetworks comprising most of: (1) the Hsp70s and their co-chaperones (green, Fig. 5a , upper right), (2) the Hsp90s and their cochaperones (magenta, Fig. 5a , upper left), (3) the PPIase and PDIs (yellow, Fig. 5a , lower left), the chaperonins (grey, Fig. 5a , lower right), and the small HSPs (black, Fig. 5a , lower right). Justifying our choice to include PPIases and PDIs in the chaperome, these foldases were nearly all found to be well-connected to the Hsp90s and the chaperonins subnetworks but, unexpectedly, much less connected to the Hsp70s and the small Hsps subnetworks (Fig. 5a) .
We next examined the positioning of proteins that were at least 2-fold upregulated by heat, as a paradigm of CSR (Fig. 5b, red) , or by tunicamycin, as a paradigm of UPR (Fig. 5b, yellow) . Most sHSPs, together with the Hsp70s and Hsp90s core of the whole chaperone network, were strongly enriched with CSR-induced but not with UPR-induced proteins. This confirms that CSR chaperones are not evenly scattered over the whole network but rather form a compact, specific core subnetwork (Fig. 5b, red circles) . Confirming our transcriptomic analysis (Fig. 3) , UPR-induced chaperones were fewer (Fig. 5b , yellow circles) with only three proteins (HSPA5, DNAJC3, and DNAJB9) induced by both treatments. Remarkably, many J-domain, co-chaperones, and Hsp90 co-chaperones and most of the PPIases and PDIs remained uninduced by either heat or ER stressors.
HSEs are frequent but not obligatorily present in promoters of heat-induced chaperone genes
The presence of HSEs is essential to the specific binding of activated heat-shock factors, in particular HSF-1, and to the recruitment of RNA polymerase II at the transcription start sites of HSP genes (Xing et al. 2005; Yao et al. 2006) . In animals, yeast, and plants, HSEs are thought to be optimal when composed of three direct repeats of 5′-nGAAn-3′ (Amin et al. 1988; Kroeger and Morimoto 1994; Yamamoto et al. 2009 ), or less optimal, with inverted repeats of 5′-nTTCn-3′. We next searched for complete or partial, direct or inverted HSE patterns, between positions −3000 and 300 bp from the translation start site of each predicted human chaperome gene (Supplemental Table 1b ). Expectedly, HSEs were found to be more frequent in the regulatory sequences of 45 chaperone genes that are induced at least 2-fold by heat (Fig. 6 ), compared to less-or non-heat induced chaperone genes. Whereas in the CSR chaperone cluster (Fig. 3 , cluster a), 17 out of 24 genes (71%) contained an average of two HSEs, in the UPR chaperone cluster (Fig. 3a , cluster b), only two out of 12 genes (17%) contained a single HSE motive. However, a majority of mammalian heat-induced chaperone genes remained devoid of identifiable HSEs, suggesting that HSEs are contributing only partially to the specificity of the heat-shock response and that other specific HSF-binding sites remain to be experimentally identified. Our combined microarray, networking and sequence promoter analysis, may contribute to the identification of potential chaperone and co-chaperone matches. Thus, the HSPD1 and HSPE1 genes, respectively encoding for mitochondrial Hsp60 and Hsp10, have similar patterns of mRNA expression (Figs. 3, 5 ) and were also similar in terms of HSEs patterns in their promoters (Fig. 6) . Likewise, the Hsp70 chaperone genes, HSPA1A and HSPA6, had expression profiles similar to the Hsp40 co-chaperones DNAJA4, DNAJB6, DNAJB1, DNAJB4, and DNAJA1 and to the nucleotide exchange factors BAG3 or HSPH1. All but two (DNAJA4 and DNAJB1) had one or two HSEs in their promoters, suggesting that they may preferably collaborate with each other under particular stressful or physiological conditions.
Discussion
The term molecular chaperone is adequate but incomplete
The term "molecular chaperone" was first used by Laskey to describe the properties of nucleoplasmin (Laskey et al. 1978) . In 1989, Ellis adorned protein biochemistry with this social term to describe the new molecular function of a class of proteins that mediate the native folding and/or assembly of other polypeptides (Ellis et al. 1989) . Whereas a social chaperone has a rather passive function-it merely prevents improper associations between youngsters-molecular chaperones, in particular the ATP-fuelled GroEL (Shtilerman et al. 1999) , ClpB , and Hsp70 (Ben-Zvi et al. 2004) , have since been found to carry an active function of repairing structural damages by unfolding and promoting native protein refolding or degradation (reviewed in Sharma et al. 2009 ). Hence, the social term "molecular police" might have better reflected the energyconsuming mechanism by which ATPase chaperones first apprehend, then "rehabilitate" strayed-off misfolded proteins, converting them into non-toxic functional proteins of the cell (Hinault and Goloubinoff 2007) . Noticeably, alongside maintaining a "state of law" among cellular proteins, called protein homeostasis (or proteostasis, Morimoto 2008) in the crowded protein population of the cell, the network of chaperones, like a highly coordinated police force, is also involved in non-stress housekeeping functions, such as regulating protein trafficking, signaling, and import into organelles. Thus, although incomplete, the term "molecular chaperone" is not entirely wrong and should be maintained, primarily because it is now well-anchored into the scientific community.
The cellular stress response is likely under the control of the plasma membrane Sensing temperature changes in eukaryotes has been initially attributed to unspecified thermolabile proteins in the cytoplasm, whose unfolding supposedly recruits inhibitory Hsp90 and Hsc70 chaperones, thereby activating formerly chaperone-repressed Hsfs (Voellmy and Boellmann 2007) . However, it has been recently Fig. 3 Clustering of upregulated RNA expression levels in the human chaperome under 21 treatments: A 2-deoxyglucose, B tunicamycin, C phorbol 12-myristate 13-acetate, D cadmium, E N-acetylcysteine, F paclitaxel, G doxycycline, H echinomycin, I heat shock study, J elesclomol, K smoking, L simvastatin, M etoposide, N VAF347, O sapphyrin PCI-5002, P propiconazole, Q myclobutanil, R rifampicin, S dihydrotestosterone, T estrogen, and U apple procyanidin. Gene clusters typical of the (a) cellular stress response (CSR), of the (b) unfolded protein response (UPR), and of the (c) less specific cell responses are shown. The presumed subcellular localizations are indicated with different background colors of the gene names shown in plants that ambient temperature upshifts, for example, from 12 to 27°C, can trigger the upregulation of 2,764 HSP genes, many of which are chaperone genes (Kumar and Wigge 2010) . Likewise, isothermal treatments with non-toxic chemicals, such as hormones and NSAIDs unlikely to denature proteins in bacteria, yeast, plants, and animals can upregulate specific HSP and chaperone genes (Saidi et al. 2005 (Saidi et al. , 2007 Vigh et al. 2007) . Similarly, the generally observed induction of the CSR in various organisms by treatments with membrane fluidizers strongly suggests that subtle changes in the plasma membrane state (fluidity, the raft/non-raft organization) are the most upstream events of the temperature-sensing and signaling pathway, both in prokaryotes and eukaryotes (de Marco et al. 2005; Vigh et al. 1998 Vigh et al. , 2007 . Because abnormally exposed hydrophobic parts of misfolded proteins often wrongly interact with membranes and because, without a Ca 2+ entry- (Saidi et al. 2009 ).
Analysis of the chaperone network under stress Molecular chaperones with their co-chaperones form a dynamic network with hundreds of so-called client proteins (Picard 2006) . During and after stress, a massive reallocation of the cellular resources occurs, which in turn causes dramatic rearrangements in the chaperone network (Szalay et al. 2007) . Pallotai et al. (2008) showed that in the stressed interactome in yeast, novel centralities or important interactions in the network appeared, which in parallel increased the number of unlinked or isolated network elements or modules. As resources diminish during stress, the function of most protein networks becomes transiently arrested, whereas the few that remains active, such as the CSR chaperone network, become more active and abundant and take control on many of the cellular functions in a centralized and highly hierarchical manner (Szalay et al. 2007 ). Thus, in Escherichia coli, heat shock places the transcription factor σ 32 as a central hub regulating other protein networks (El-Samad et al. 2005) , while in yeast, refolding of damaged proteins by stress-induced chaperones is prioritized, compared to the folding of newly synthesized proteins indicating a massive rearrangement in the cellular protein networks (Albanese et al. 2006) . Our comparative analysis of mRNA co-expression under various physical and chemical treatments revealed a modular organization of the chaperone networks, whereby the UPR, involving only a small set of ER chaperones, can be clearly distinguished from CSR chaperones, mainly located to the cytoplasm and organelles. This was confirmed using additional comparative criteria in the STRING-generated network map that showed that CSR chaperones contribute mostly to a core of Hsp70s, Hsp90s, and sHSPs, and to a much lesser extent to chaperone regulators such as the co-chaperones and to the foldases. Mechanistically, a massive increase in the cellular concentrations of Hsp90s and Hsp70s without an equivalent accumulation of co-chaperones is expected to create an imbalance resulting, at least in the case of Hsp70, in a higher binding/holdase capacity than processive unfolding/folding activity (Sharma et al. 2009 ). Such a pro-holdase tendency under heat shock is corroborated by our data (Fig. 5b) , showing strong over-representation of heat-induced sHSPs, which are holdases par excellence of the whole chaperone network (Veinger et al. 1998 ). This suggests that the primary concern of heat-stressed cells is to prevent protein misfolding Table 1a ) is as in Fig. 1a and aggregation during stress, while ATP-consuming unfoldase/refoldase activities depending on co-chaperones are postponed to the recovery phase after the stress, a condition under which the proteins refolded by the chaperones can become and stably remain native.
Treatments that increase the cellular chaperone load
Aging and protein misfolding diseases apparently result from a general failure of the cellular protein homeostasis machinery, which is most relevantly composed of molecular chaperones, foldases, and proteases. Whereas environmental stresses, pollutants, and mutations may increase the rate at which toxic misfolded protein conformers accumulate in cells, aging cells show decreasing abilities to respond to proteotoxic species by upregulating their cellular chaperone load (Ben-Zvi et al. 2009; Hinault et al. 2006) . To combat aging and protein misfolding diseases, it is therefore central to identify the reasons for the failure of the CSR in aging and diseased cells. One possible reason could be an increased rigidity of membranes commonly observed in aging cells, as lipid saturation and loss of fluidity may strongly decrease the cell's ability to sense a heat stress and induce an appropriate HSR (Horváth et al. 1998) , implying that in old cells, the CSR too could become deficient when challenged by intra-or extracellular proteotoxic species ). An additional possibility is that particular toxic protein conformers, such as oligomers or protofibrils of α-synuclein, tau or polyglutamine proteins, respectively found in diseased neurons in Parkinson, Alzheimer, and Huntington diseases, act as noncompetitive inhibitors of the various layers of cellular defenses, such as the chaperones themselves, the proteasome, the aggresome, and lysosomal autophagy (reviewed in Kopito 2000; Ross and Poirier 2004) . Moreover, toxic protein conformers can directly damage membranes by spontaneously forming pores that cause ion leakage and cell death (Lashuel et al. 2002) . One therapeutic approach would be to identify treatments that can restore the expression levels and the activity of the CSR chaperones in particular. Mild repetitive heatshocks, as with daily saunas, would probably be the most natural way to induce the accumulation of protective and repairing CSR chaperones in tissues suffering from stress damages or chronic protein misfolding diseases. However, arguing against long-term beneficial effects of thermotherapy (Pouppirt 1929) , increased temperatures also increase the propensity of proteins to unfold and form toxic misfolded species. Rather, isothermal exposures to non-toxic HSP-inducing drugs might better treat protein misfolding diseases and aging, especially drugs that cross the blood-brain barrier (Hinault et al. 2006) . Alongside Hsp90 inhibitors that are very toxic and cause apoptosis through oxidative stress (Kirshner et al. 2008) and are therefore used in cancer therapy (Solit and Chiosis 2008) , we found that the thiobenzoylhydrazide, elesclomol, best recapitulated in human cells the heatinduced chaperome pattern (Fig. 3) . Thus, despite their ability to best mimic the induction of anti-inflammatory, anti-aggregation CSR chaperones load, Hsp90 inhibitors and elesclomol may counter-productively accelerate, rather than delay, neuronal death in protein misfold ing diseases.
In contrast, other hydroxylamines, such as arimoclomol and bimoclomol, are apparently much less toxic than elesclomol and are also inducers of CSR chaperones, although not nearly as effective (Vigh et al. 1997; Kieran et al. 2004; Lanka et al. 2009 ). Likewise, but less pronounced, several NSAIDs, such as aspirin, diclofenac, ibuprofen, and indomethacin, also upregulated the expression of some chaperone genes, albeit not in clearly recognizable clusters, as with elesclomol or tunicamycin. NSAIDs are known to decrease inflammation and fever via inhibitory mechanisms of prostaglandin synthesis, and, in parallel, they induce the accumulation of some CSR chaperones (Hinault et al. 2006; Smalley et al. 1995) . It is thus possible that in mammals, specific NSAIDs may decrease the pro-apoptotic consequences of inflammation and oxidative stress while at the same time maintain an artificially elevated load of protective anti-apoptotic chaperones.
Possibly, the use of various NSAID combinations, together with other of CSR-chaperone-inducing drugs, such as hydroxylamine derivatives (Vigh et al. 1997) , vanilloids, such as curcumin (Kanitkar and Bhonde 2008) , flavonoids, such as quercetin (Aalinkeel et al. 2008) , or omega-3-fatty acids (Narayanan et al. 2006) , with anti-aging and anti-apoptotic effects on developing brain (Sinha et al. 2009 ), may improve protein misfolding diseases and aging in general (Gidalevitz et al. 2010) . Combinations of non-toxic HSP drugs could directly decrease the cellular concentration of cytotoxic protein conformers and indirectly block neuroinflammation and apoptosis signals, leading to an arrest of tissue loss. This type of mRNA expression meta-analysis, combined with network analysis, thus provides important tools to test known and new drugs for their potential specific chaperone-inducing ability, to combat protein-misfolding diseases and aging.
